. Adenosine triphosphate pool during the growth cycle in Streptococcus faecalis. J. Bacteriol. 90:1013Bacteriol. 90: -1018Bacteriol. 90: . 1965.-The adenosine triphosphate (ATP) pool has been studied throughout the growth cycle of Streptococcus faecalis. Normally, the pool is quantitatively related to the concentration of organisms and the growth rate, but deviations from these relationships can occur without affecting the growth rate of the organisms. A critical concentration of ATP seems necessary for exponential growth, and, at lower levels, only linear growth can occur. If no growth can take place, catabolism of added energy source gives rise to a large increase in the pool level. The pool level represents the balance between the demands of the organisms for energy and the supply of energy derived from catabolism of the substrate.
It is well established (Bauchop and Elsden, 1960) that the amount of cellular material synthesized during growth of microorganisms is related to the amount of adenosine triphosphate (ATP) produced by catabolism of the energy source; the growth-yield coefficient YATP iS 10 mg (dry weight) of cellular material per mmole of ATP. This coefficient has usually been determined by growing organisms in batch culture with growth limited by the energy source, so that a single determination is made of the equilibrium condition after growth has ceased, or under steady-state conditions in continuous culture. Kinetic experiments in batch culture Walker, 1962, 1964 ) also indicate that this same proportionality between ATP and cellular material synthesized applies throughout the period of growth. The relationship, of course, is based on calculation of the amount of ATP produced during catabolism of a substrate by a specified biochemical pathway.
It would appear then that measurements of the ATP pool in an organism would exhibit regularities related to the rate of production of ATP. It would also be expected that the pool level would be related to the energy requirements of the organism (Krebs 1962) , so that comparisons of the ATP pool with the synthetic activity of an organism would give an indication of its energetic behavior. However, studies reported in the literature are not easily interpreted on this basis.
From measurements of the ATP pool in Escherichia coli (Franzen and Binkley, 1961) it has been calculated that the concentration of ATP is not affected by the growth rate of the organisms, whereas in Aerobacter aerogenes it has been shown (Strange, Wade, and Dark, 1963) that the main factor affecting the ATP pool in resting cells of this organism is the oxygen tension in the suspending medium, and that the pool level is not necessarily related to the energy requirements of the organisms. Thus, in A. aerogenes, the pool level seems to depend on whether oxidative metabolism can take place. Similarly, in washed suspensions of Streptococcus faecalis, addition of exogenous substrate causes a rise in the ATP pool level; this level can be modified by the synthetic activities of the organism, but the calculated rate of ATP production from catabolism of the energy source is not affected by this change in the pool level, so that ATP production appears unaffected by change in the energy requirements of the organism (Forrest and Walker, 1965a) . It seems that the behavior of the ATP pool may be more complex than would be suggested by a simple steady-state balance between wellregulated (Krebs, 1962) rates of production and utilization for synthetic reactions. Accordingly, a more detailed examination of the pool during the growth cycle of S. faecalis has been made; the results reveal regularities which are apparently not so obvious in organisms with a more complex aerobic metabolism. (pH 6.2) , and suspended in the same buffer at 37 C under a gas phase of nitrogen.
Bacterial growth yields. The progress of growth was followed by nephelometric measurements. Bacterial dry weights were determined by measurement of the optical density at 650 m,u and referring to a standard curve.
Luciferase assay for ATP. A volume of bacterial suspension sufficient to contain about 10 jig of ATP was centrifuged; the cell paste so obtained was extracted for 30 min at room temperature with 0.5 ml of 0.3 M H2SO4, neutralized with NaOH, and the volume was made up to 10 ml. This suspension was centrifuged, and 1 ml of the supernatant fluid was assayed for ATP by the method of Forrest and Walker (1965b) .
The quantity measured in the assay was the ATP pool size-the amount of ATP per unit volume of bacterial suspension. The pool level in the organisms-the amount of ATP per unit mass of bacteria-was calculated from the pool size. RESULTS
The behavior of the ATP pool during the lag phase is shown in Fig. 1 . A comparatively large inoculum of bacteria was used so that there was only a short lag period. The level of the ATP pool rose throughout the lag phase to a maximum at the point where exponential growth began, then fell steadily as growth proceeded. The size of the ATP pool also increased slowly during the lag phase, then increased rapidly when growth began. Measurements of the rate of glycolysis, which gives an index of the rate of production of ATP, showed no corresponding inflection; the rate increased steadily throughout the lag phase and beginning of exponential growth . Figure 2 shows the behavior of the pool during the succeeding phase of growth. During exponential growth, the size of the pool increased When the amount of growth was limited by energy source (Fig. 3) ATP at the beginning of exponential growth, but the pool level fell very rapidly to a low and constant value (Fig. 4) . This period of rapid fall in the level was correlated with the very short period of exponential growth, and the constant low level of ATP was maintained during linear growth.
The first-order rate constants ki for exponential growth of the organisms were calculated for a number of experiments of the type shown in Fig.  1 to 3 with medium A and B (energy source, glucose). The rate of increase of the size of the ATP pool was correlated closely with the rate constant ki (Fig. 5) . The results fell into two sets for the different media.
It was found also that the level of the ATP pool was correlated with the concentration of organisms independently of the rate of growth. The common range of cell densities where exponential growth occurred on different media was restricted, but a cell density of 0.15 mg/ml was common to all media. The comparison between the ATP pool and the rate of growth at this cell density is given in Table 1. A washed suspension of cells grown on medium A exhibits a substantial endogenous metabolism, characterized among other properties of the organisms by a constant level (and size, since the bacterial population is constant) of ATP in the pool (Forrest and Walker, 1965a) .
When an exogenous energy source was added to such a suspension (Fig. 6) , it was degraded at a constant rate, and catabolism of the energy source gave rise to ATP which could not be used for growth, since no materials were available for synthesis. The ATP pool level rose, but the constant input of ATP to the pool was balanced by an exponential decay process, so that the pool level rose toward an upper limit. When all the added energy source had been used, the decay process alone operated, so that the level of the pool fell back to the base level characteristic of cells carrying on endogenous metabolism in the absence of exogenous energy sources.
The curve in Fig. 6 can be resolved into these components of linear increase and exponential decay:
If a is the level of ATP above the base level, then the rate of increase da/dt of a with time t is da da = -ka+b (1) dt where b is the constant rate of input of ATP to the pool and k is the first-order rate constant for the decay process.
Integrating this function at = (1 -e-kt) (2) where e is the base of the natural system of logarithms.
From the decay curve of Fig. 6 , k = 0.0350 min-'; Fig. 7 shows the initial observations of Fig. 6 plotted by use of this value in equation (2). The intercept at 1 -ekt = 1 corresponds to the asymptotic upper limit of the pool at infinite time, and the slope of the plot gives the rate of input to the pool.
A similar experiment with arginine as substrate is also plotted in Fig. 7 (Forrest and Walker, 1965b) . Arginine and pyruvate each produce 1 mole of ATP per mole of energy source. However, even in this simple system the pool of ATP is influenced by opposing factors.
One of these factors is the rate of generation of ATP by the metabolic processes of the organisms. In washed suspension, catabolism of glucose produces ATP much more rapidly than the degradation of arginine does, so that the difference in the rates of generation of ATP is reflected in different rates of input of ATP to the pool, and different limiting values to which the level in the pool can rise. In both cases, the amount of ATP in the pool is small compared with the amount generated by catabolism of the substrate, so that the calculated turnover time of the ATP in the pool, assuming full coupling, is a few seconds.
A second factor is the rate of use by the organisms. In a nongrowing suspension metabolizing glucose, the pool level may be markedly lowered if the organisms increase their demand for energy, though the rate of glycolysis is unaffected (Forrest and Walker, 1965a) . Both these processes of generation and use vary during the lag phase and at the beginning of exponential growth. Measurements of the rate of glycolysis show a rate per unit mass of bacterial cells which increases steadily throughout the lag phase and at the beginning of exponential growth ; thus, the rate of generation of ATP increases continuously, and the pool level also rises during the lag phase. However, when growth begins, the synthetic reactions which occur make heavy demands on the ATP pool, so that there is now a decrease in pool level, and this level continues to fall during exponential growth. As growth proceeds, the rate of glycolysis per unit mass of cells remains constant , and the rate of input of ATP to the pool increases exponentially. However, the pool size increases only linearly.
Growth continues until it is checked by some change in environmental conditions; if the substrate is exhausted, there is no input of ATP to the pool, and synthesis cannot proceed. However, the pool size does not fall immediately but exhibits a decay curve similar to that found in washed suspensions. If growth is limited by a factor other than energy source, a period of linear growth may succeed the exponential growth. Here, ATP is still being generated by glycolysis, though the demands of the organism decrease (Forrest and Walker, 1965b (Hess, 1963) , and it has been shown that in this organism endogenous metabolism cannot be coupled to biologically useful energy of maintenance unless a sufficient pool of ATP is present (Forrest and Walker, 1965a (Bauchop and Elsden, 1960) , and it may be that arginine alone will not produce the critical level of ATP necessary for growth to begin. The level of the ATP pool is also affected by the medium. The complex medium A used in these experiments contains only the phosphate naturally present in the medium constituents, about 0.01 %, whereas medium B is made up in phosphate buffer. It has been demonstrated that the ATP pool of resting cells carrying on endogenous metabolism is markedly affected by the replacement of phosphate by citrate buffer in the suspending medium (Forrest and Walker, 1965a) , so that the effect of the growth medium on the pool level is probably due also to the differing phosphate concentration.
The level of the ATP pool is apparently independent of growth rate over a wide range of rates of exponential growth. A similar finding was reported with E. coli by Franzen and Binkley (1961) . When pyruvate is the energy source, the rate of exponential growth (Table 1) is comparable with that found when glucose is the substrate; thus, the rate of withdrawal of ATP from the pool for synthetic reactions must also be comparable. However, the rate at which the pool falls during growth is much greater with pyruvate as substrate, and the rate of input of ATP to the pool during catabolism of pyruvate must therefore be correspondingly lower than with glucose as substrate. Similarly, towards the end of exponential growth on medium B with glucose as energy source (Fig. 2) , the size of the ATP pool reaches a limiting value, without apparently affecting the rate of exponential growth. This, of course, is not the usual situation during exponential growth, where the quantitative relationships shown in Fig. 6 and Table 1 normally hold between the ATP pool, growth rate, and cell density.
It seems, therefore, that the level of the pool of ATP has only an indirect effect on the growth rate of the organism. The level in the pool is normally subject to steady-state conditions, but the conditions can vary widely from these without there being any effect on the rate of growth. Conversely, the rate of growth can vary widely without affecting the steady-state level in the pool. The main requirement for exponential growth, so far as the ATP pool is concerned, appears to be that it should be above a critical value necessary to provide energy for all the synthetic processes which occur; if for any reason the pool level falls below the critical value, growth cannot proceed exponentially.
These results are important in their relationship to the hypothesis of feed-back control of glycolysis (Krebs, 1962) . ATP, adenosine diphos-VOL. 90, 1965 
